The joining of sperm and egg is the beginning of development for most animals. Over 125 years ago, the great cell biologist Theodor Boveri recognized the unique contributions of each gamete, writing: Today, we understand that chromosome number is reduced to the haploid state during meiosis and, after sperm and egg nuclear fusion, the diploid state is restored in the zygote. During oogenesis, the egg retains its cytoplasmic bulk while reducing chromosome number by casting off miniscule first and second polar bodies via asymmetric meiotic divisions. The mature egg then transmits to the offspring this cytoplasm, including mitochondria (hence unimaternal mitochondrial DNA inheritance), and, often, essential determinants of polarity. Centrosome number is also critical, and, like chromosomes, centrosomes are reduced during gametogenesis, such that the proper number is restored in the zygote. While Boveri's model regarding paternal centrosome inheritance has largely been validated, just how the egg discards its centrosome and exactly what the sperm contributes have remained mysterious, with few functional insights. Now, Khire et al. [2] , in this issue of Current Biology, add significantly to our understanding of the critically important event of sperm centrosome reduction.
The centrosome, with its embedded pair of centrioles, is the primary microtubule-organizing center of most cells [3, 4] (Figure 1 ). Microtubules are polymers of a-and b-tubulin and are important for intracellular motility and cytoplasmic organization during interphase and for chromosome separation during mitosis and meiosis. Microtubules are polar polymers, with their dynamics characterized in part by nucleation occurring at the centrosome and disassembly taking place at the microtubule end that is directed away from the centrosome. The g-tubulin isoform [5] is specialized for nucleation as part of the g-tubulin ring complex (g-TuRC). This ring complex is similar in shape to a 'lock washer' and forms a template for nucleating microtubules [6] . Other, less conserved members of the tubulin superfamilyd-, ε-, and z-tubulins -are also associated with centrioles and the centrosome [7] .
The centrosome [8, 9] (Figure 1 ) is an organelle made up of a few dozen core proteins surrounding a pair of centrioles -thus the term 'pericentriolar material' for the noncentriole components. Centrioles, the most spectacular intracellular structures in eukaryotes (in the unabashed opinion of the authors), are triplet-microtubule cylinders with nine-fold radial symmetry. Abnormalities in centrosome function or number are responsible for a variety of diseases and disorders, ranging from neurocognitive deficits to birth defects to cancers.
Centriole replication is remarkable in that the daughter centriole grows orthogonally from the base of the mother centriole (Figure 1 ). It occurs synchronously with chromosome replication and is governed by cell-cycle licensing factors that prevent reduplication [10] . In addition to the triplet microtubules that define its structure, the centriole consists of perhaps a few dozen essential structural and regulatory proteins [3, 8] , including Polo-like kinase 4 (Plk4) and Asterless (Asl) -two key protagonists identified in the new study to be important for sperm centriole reduction [2] . Plk4 is recognized as the master regulator of centriole duplication and is responsible for some forms of the devastating disorder microcephaly [11] . Though some molecules differ between Drosophila and other animals, Jana et al. [3] summarize centriole assembly as starting at the mother centriole's proximal end, beginning with the formation of the central hub for the new centriole's 'cartwheel', an internal organizing structure. g-TuRCs nucleate the initial centriole microtubules and the cartwheel organizes their structure. Plk4 is required for recruitment of the centriole duplication proteins SAS-6 and SAS-5/STIL to the centrioles. SAS-6 and SAS-5/STIL localize at the centriole and are essential for recruitment of SAS-4/CPAP, another centriole duplication protein. SAS-4/ CPAP stabilizes microtubules with the centrosomal protein CP110 at the centriole end. Growth continues at the distal end until the triplet microtubules are fully formed. Over the span of two cell cycles, this new centriole becomes mature, recruiting the components of the pericentriolar material, including the g-TuRC, and nucleating microtubules. The new insights into centriole reduction from Khire et al. [2] suggest that this process roughly mirrors, in reverse order, the events of centriole formation, with Plk4 mediating Asl reduction as the ultimate step. While it is tempting to extrapolate these exciting findings on Drosophila sperm to humans and other animals, caution needs to be raised that the molecules themselves differ among species, as do the specific events during spermiogenesis and spermatogenesis.
At fertilization in most animals, the sperm contributes a centriole anlagen, often with a detectable, sometimes degenerated, centriole. Later, in the egg, maternal centrosomal molecules, including g-tubulin, coalesce around the sperm centriole. Microtubules assemble to form the radial sperm aster, the sperm and egg nuclei migrate together and often fuse as the zygote duplicates centrioles and prepares for first and later embryonic divisions. Fertilization creates a special challenge for the control of centrosome number, and nature's solution involves the destruction of the egg's centrioles and the retention, albeit with significant reduction, of the sperm's. In both somatic and germ cells, Dzhindzhev et al. [12] have shown Plk4's central importance for centriole assembly and destruction and the regulation of Plk4 by the ubiquitin ligase Slimb. Asl has at least two Plk4-binding domains, as demonstrated recently by Klebba et al. [13] . In the new work, Khire et al. [2] show that Asl is reduced to nearly undetectable levels in Drosophila spermiogenesis and that sperm in which this paternal Asl is not reduced are unable to fertilize eggs properly. Also, like many centriole proteins, Asl has coiled-coiled domains, and Khire et al. [2] report that domain 4 and domain 1 are required for early and later Asl reductions, respectively. Asl reduction occurs in two distinct steps: the initial step taking place early in spermiogenesis, when Asl is stripped from the giant centrioles, which are two unusually long centrioles in Drosophila sperm. Subsequently during penultimate spermiogenesis stages, Asl is stripped from the second centriole called the proximal centriole-like structure (PCL) in Drosophila sperm.
The master centriole regulator, Plk4, is also destroyed during spermiogenesis and is targeted for degradation by the Slimb ubiquitin ligase. Using complementary strategies, Khire et al. [2] show that overexpression of either Asl or Plk4 compromises development. Interestingly, Asl counterbalances Plk4; normalcy is restored when both are overexpressed. After entering the egg, the sperm centrosome nucleates the first microtubules in the zygote -the 'sperm aster'. Sperm defective in Asl reduction are unable to form the sperm aster at fertilization. Curiously, Asl is needed after sperm entry for subsequent events, and this Asl requirement is quite specific to the parent of origin: the lost paternal Asl must be replaced by maternal Asl for successful development.
During fertilization in most animals, the centrosome is reconstituted from a combination of sperm centrioles and associated proteins as well as the egg's stockpiled centrosome components. Ironically, the best-studied mammal, the mouse, does not depend on the sperm's centrosome; instead, mouse fertilization uses a strategy in which microtubules are initially nucleated from maternal factors in the egg cytoplasm in the absence of The complete centrosome (insert bottom left), with an embedded centriole pair, is the cell's primary microtubule-organizing center. It is fully active and duplicates in spermatogonial stem cells prior to their entry into spermatogenesis. In primary and secondary spermatocytes, the centrioles start to lose their duplicative abilities. Mature sperm typically have a centriole, at times juxtaposed to a degenerated centriole remnant, near the implantation fossa between the sperm nucleus and midpiece. During spermiogenesis, as the round sperm nucleus elongates into the pyramidal shape, a majority of the cytoplasm is shed into the cytoplasmic droplet. The now elongated sperm, which has eliminated most of its pericentriolar material (PCM), including g-tubulin, pericentrin and NuMA, still retains core centriolar molecules including centrin. Khire et al. [2] show that sperm maturation ultimately requires the destruction of both Asl/CEP152 and Plk4 targeted by Dispatches centrioles [14] [15] [16] . This requires the action of Plk4, which is also required for the de novo centriole assembly that ultimately contributes the centrioles to cells of the mouse embryo [15] .
The findings that even seemingly mature sperm undergo significant further maturation during spermiogenesis raise several important questions, including: which molecule is the ultimate regulator of centriole formation and reduction? What precisely is contributed each generation for centrosome reconstitution? And are there epigenetic or transgenerational influences or consequences? This latter point is particularly relevant to stem cell divisions, in which centrosome asymmetries are likely to be important [10] . Extrapolating from Khire et al. ' s findings in Drosophila to other animals, including humans, perhaps the centriole pairs cease maturation in spermatocytes undergoing the meiotic reductional divisions. In spermatids, most of the cytoplasm, including many centrosomal molecules such as g-tubulin, is sloughed off into the cytoplasmic droplet, which is shed during spermiogenesis. Final sperm centrosome maturation then would entail further destruction of the key centriole duplication proteins Asl and Plk4 [2] .
Centrosome assembly and inheritance is beginning to be understood in some molecular detail [9] . Because centrioles do not have the DNA found faithfully in chromosomes and mitochondria, deciphering centriole transmission is only becoming feasible now that core centriolar and centrosomal molecules can be modified and tracked. Unlike DNA's faithful transmission from generation to generation, centrosomes seem able to be more flexibly reconstituted by alternative means to the same end -i.e. embryonic cells with the correct centriole number. Certainly in the absence of sperm centrosomes, mechanisms for maternally organized microtubules are active. Unlike the origami-like coils in DNA, which are intricately folded and looped, perhaps centriole self-assembly might be more accurately modeled as LegoÒ; i.e., a sophisticated assembly of interlocking bricks [17] .
Applications of the findings from Khire et al. [2] might include infertility diagnostics or treatments and even contraceptive innovations. Sperm from some infertile men, as in other species, have dysfunctional centrosomes. Since clinical 'organelle therapy' [18] is now underway in the UK for treating women with mitochondrial mutations, it is conceivable that centrosome 'augmentation' might alleviate some types of dysfunction. New therapeutics targeting the key molecules of centriole duplication [19] might lead to nonhormonal centrosomal contraceptive strategies. Contraceptives based on centrosome management, especially male contraceptives, if proven safe, effective and reversible, promise significant advantages over the current female-directed methods, which expose the entire body to decades of exogenous hormones. Perhaps further species-specific understanding of the complex interplay of centrosomal components at fertilization could help with controlling parasites and disease vectors, such as mosquitos, with fewer environmental concerns than other interventions.
Many conceptual and experimental challenges remain for centrosome biologists. These include stricter evidence-based distinctions between centrioles and centrosomes as well as basal bodies, which are formally centrioles that have an associated cilium (as in most sperm), but likely have important structural distinctions. Building on these discoveries, the domains and functions of Plk4, Asl, the molecules that regulate their abundance, and other core centriolar molecules are important topics of future studies in sperm and also in eggs and zygotes [20] . As in many fields, the clumsy historical nomenclature that results in several names both for morphological structures and for orthologous proteins in different organisms presents a challenge to researchers seeking common principles. These are problems of our doing, of course, and can and should be solved by the action of those involved in the research. Functional discoveries, beyond correlative imaging, explaining centriole reconstitution in fertilization are needed as are more comprehensive investigations to discover the interrelations between various centrosomal components/activities and the cell cycle, signaling, development and differentiation, and indeed, cellular behavior more broadly.
That level of understanding will be long in coming, but in the meantime, for fertility's sake, we can be grateful that sperm cells can kiss their Asterless (and Plk4, too) goodbye.
